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TO THE EDITOR
Electromagnetic radiation (EMR) gener-
ated by various exogenous sources is
an environmental stress factor for
human health, and the skin, as the
physiologic barrier, is the first target of
this irradiation. Electric fields are also
extensively used in several medical
domains, such as radiofrequency resur-
facing, electrochemotherapy, and
endovenous ablation (Lacy-Hulbert
et al., 1998; Tanabe et al., 2004).
Meanwhile, the influence of non-ioniz-
ing EMR on human skin physiology
remains to be clarified. The main point
of debate among those interested in
the risks and benefits of EMR in
dermatology is whether there are ther-
mal or non-thermal biological effects
on skin physiology. An initial study
using whole animal exposure to EMR
failed to show significant genomic
modulations in rat brain (Fritze et al.,
1997). Others have observed the
rapid induction of c-fos and c-jun
oncogenes (Doi et al., 2001; Czyz
et al., 2004) following rat brain
or embryonic stem-cell exposure to
EMR, with no apparent temperature
modulation. Non-thermal induction of
heat-shock protein 27 (HSP27) was
observed in human endothelial cells
following 1 hour exposure to 900MHz
frequency (Leszczynski et al., 2002),
whereas under similar conditions Shi
et al. (2003) failed to detect HSP27
modulation in human keratinocytes.
In human skin fibroblasts, Pacini et al.
(2002) reported that the radiofrequen-
cies at non-thermal levels were able
to induce the expression of certain
HSPs. Finally, an in vitro study in an
EMR-exposed C3H mouse fibroblastic
cell line failed to detect any signifi-
cant modulation of gene expression
(Whitehead et al., 2006).
These discrepancies led us to inves-
tigate the molecular events involved
during reconstituted human epidermis
(RHE) exposure to EMR. This study
was performed using a patch-antenna
device that ensures homogeneity of
irradiation by 900MHz EMR, the
most used cell phone frequency (Laval
and Leveˆque, 2000). RHE cultures were
maintained at a constant temperature
of 371C during irradiation to minimize
thermal shock response (Rosdy and
Clauss, 1990).
Following 6 hours of RHE exposure
to EMR, keratinocytes were incubated
under EMR-free culture conditions
before being harvested 2 or 18 hours
later to investigate early and late cell
responses, respectively. EMR exposure
slightly reduced the mitotic index
(from 47 to 35% Ki-67þ cycling kera-
tinocytes, Po0.05), but no changes in
RHE morphology, cell apoptosis, or
mortality were observed (data not
shown). The same quantity of total
RNAs from each keratinocyte culture
was then analyzed using a specific
cDNA array designed to study trans-
criptomic variations in 600 genes in
skin cells and keratinocytes. Transcrip-
tion variations X250% or p50% and
with Po0.05 were defined as signifi-
cant limits in our analysis (Table 1 and
Table S1).
Our data clearly indicate that
exposure to EMR induced a dramatic
modulation of transcriptomic response
in RHE, similar to those observed
with other stressors, such as acute UV
radiation (Enk et al., 2006). Surpris-
ingly, the most overexpressed gene
was that encoding neuromedin B
(41700%, confirmed by real-time
PCR), a neuropeptide not yet reported
in keratinocytes (Ohki-Hamazaki,
2000). Neuromedin B belongs to the
bombesin-related peptide family, initi-
ally discovered in amphibian skin
but recently shown to activate both
p42 mitogen-activated protein kinase
(MAPK) and p74 (raf-1), potent intra-
cellular signaling factors in mammalian
cells (Charlesworth and Rozengurt,
1997). EMR also increased the expres-
sion of c-myc, c-jun, and jun-B proto-
oncogenes, which indirectly suggests
the induction of c-Myc-related and
activated protein-1 transcription fac-
tors, potent ubiquitous promoters of
the expression of most proinflammatory
and stress-related genes (Dai and Segre,
2004). This suggests that activated
protein-1, not affected by heat shock,
might be increased by non-thermal
EMR. The above-mentioned transcrip-
tion factors might also explain the
overexpression of a variety of genes
encoding heat-shock, wound-healing,
and inflammatory proteins (Table 1). Six
genes encoding HSP proteins (HSP70,
HSP47, HSP40, HSP90A, HSPA5, and
HSP90B) were increased at relatively
high levels. Induction of the HSP family
was also confirmed by HSP70 protein
detection in nearly all viable keratino-
cyte layers in EMR-exposed RHE cul-
tures (Figure 1a). In contrast to UV
irradiation (Becker et al., 2001), EMR
had no effect on HSP27 gene expres-
sion, corroborating early data obtained
in other tissues (Shi et al., 2003). The
transcription of IL-1R1, IL-2Ra, TNF-R1,
TGF-bRII, and NOS-II genes suggests
an acute inflammatory response to
EMR, also confirmed by increased levels
of TNF-R1 expression on the surface of
EMR-exposed keratinocytes (Figure 1b).
Most of the above genes were transient
and returned to normal values 18hours
later, whereas another set of genes was
detected only 18hours post-EMR, most
of them related to cell functions and
wound healing. Early and late gene
induction was confirmed at the protein
level for placenta growth factor 1 and
Abbreviations: EMR, electromagnetic radiation; HSP, heat-shock protein; RHE, reconstituted human
epidermis
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endothelin 2 (Figure 1b), factors re-
quired for wound healing and tissue
repair.
Transcriptomic analysis also re-
vealed EMR-mediated downregulation
of 425 genes (Table 1), including
those encoding G-protein-coupled
receptor, HM74 (Failla et al., 2000),
and b-defensin 2 (Braff and Gallo,
2006) (Table 1). We also observed early
suppression of genes encoding criti-
cal molecules for cell differentiation
and proliferation, correlating with a
slight diminution of the mitotic index
observed in our study. Furthermore,
Table 1. Modified gene expression after exposure of human epidermis to EMR
Gene name % Gene expression compared to control
Unigene ID Post-EMR incubation 2 h 18h
Upregulated genes1
4828 Neuromedin B 2,260 660
5228 Placenta growth factors 1+2 730 440
159847 Prolyl-4-hydroxylase alpha polypeptide 510 210
5054 Plasminogen activator inhibitor, type 1, endothelial 380 200
3725 Transcription factor AP-1 270 350
Early upregulated genes1
3303 HSP70.1; 70-kDa heat shock protein 1 1,670 40
871 HSP47; 47-kDa heat shock protein 1,610 110
171221 HSP40; 40-kDa heat-shock protein 1 630 60
440696 HSP90A; 90-kDa heat-shock protein A (HSP86) 500 50
3309 HSPA5; 70-kDa heat shock protein 5 440 50
4609 Transcription factor c-myc 440 90
3726 Transcription factor jun-B, AP-1 element 410 170
3559 Interleukin-2 receptor alpha subunit (CD25) 410 70
7048 Transforming growth factor beta receptor II (TGFBR2) 390 100
3326 HSP90B; HSP90; 90-kDa heat-shock protein beta (HSP84) 380 80
3554 Interleukin-1 receptor type I (IL-1R1, CDW121A) 310 100
7132 Tumor necrosis factor receptor 1 (TNFR1, CD120A) 290 120
Late upregulated genes1
1907 Endothelin-2 (ET2) 100 980
7422 Vascular endothelial growth factor (VEGF) 100 390
3038 Hyaluronan synthase 3 (HAS-3) 70 330
Repressed genes1
8843 G-protein-coupled receptor (HM74) 20 60
1673 Beta-defensin 2 (hBD2) 30 40
810 Calmodulin-related protein NB-1; calmodulin-like protein (CLP) 30 50
Early repressed genes1
5111 Proliferating cell nuclear antigen (PCNA) 20 110
2060 Epidermal growth factor receptor substrate 15 (EPS15) 30 130
Late repressed genes1
7002 Thioredoxin-dependent peroxide reductase 2 (TDPX2); 210 50
6649 Copper-zinc-containing extracellular superoxide dismutase 3 (Cu-Zn SOD3) 150 50
4143 S-adenosylmethionine synthetase gamma form (EC 2.5.1.6) 120 50
3858 Cytokeratin 10 (K10) 120 50
3417 NADP-dependent isocitrate dehydrogenase 100 50
EMR, electromagnetic radiation.
1Modification of gene expression observed 2 h (early), 18 h (late), or at both 2 and 18 h post-EMR.
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EMR decreased the expression of genes
encoding several cell-structure-related
proteins and important enzymes related
to oxidative stress (Table 1). Finally,
PCR and immunohistochemical analy-
sis of RHE confirmed the decreased
expression of b-defensin 2 and cyto-
keratin 10 following EMR exposure
(data not shown).
Together, these results clearly
differ from reports, as they reveal an
important stress/inflammatory response
in RHE following its exposure to
900MHz frequency under thermally
controlled conditions, but the intracel-
lular mechanism(s) of this effect re-
mains to be clarified. Like numerous
cell stressors, EMR induces a common
protective response: upregulation of
HSPs. This may be explained by the
rapid expression of activated protein-1
and neuromedin B (Table 1), providing
EMR-exposed cells with transcription
factors for stress-related and proinflam-
matory proteins. Although more func-
tional proteomic analysis of EMR effects
is required, our data may help in the
comprehension of molecular targets
of accidental or therapeutic EMR in
human epidermis.
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Figure 1. Immunohistochemical and immunofluorescence analysis of EMR-mediated modulation of
protein expression in RHE. (a) Reconstituted epidermis with multilayered cell cultures (upper photo) has
been exposed for 6 hours to EMR. Following an additional 2 hours of incubation, RHE sections were
labeled using appropriate antibodies and immunohistochemistry. In contrast to control (filaggrin),
downregulation of b-defensin 2 and keratin 10 and upregulation of HSP70 were observed following EMR
exposure. (b) Cell suspensions from reconstituted epidermis were analyzed for their ability to express
placental growth factor (PLGF1), TNF-R1, or endothelin-2, before or after exposure to EMR and an
additional 2 or 18 hours incubation. Data show mean fluorescence intensity (MFI) from two experiments
(SD o15%) compared with control cultures; *Po0.05.
www.jidonline.org 745
R Ennamany et al.
Epidermis Modulation by Electromagnetic Radiation
Dai X, Segre JA (2004) Transcriptional control of
epidermal specification and differentiation.
Curr Opin Genet Dev 14:485–91
Doi W, Sato D, Fukuzako H, Takigawa M (2001)
c-Fos expression in rat brain after repetitive
transcranial magnetic stimulation. Neuro-
report 12:1307–10
Enk CD, Jacob-Hirsch J, Gal H, Verbovetski I,
Amariglio N, Mevorach D et al. (2006) The
UVB-induced gene expression profile of human
epidermis in vivo is different from that of
cultured keratinocytes. Oncogene 25:2601–14
Failla CM, Odorisio T, Cianfarani F, Schietroma C,
Puddu P, Zambruno G (2000) Placenta
growth factor is induced in human keratino-
cytes during wound healing. J Invest Derma-
tol 115:388–95
Fritze K, Wiessner C, Kuster N, Sommer C, Gass P,
Hermann DM et al. (1997) Effect of global
system for mobile communication micro-
wave exposure on the genomic response of
the rat brain. Neuroscience 81:627–39
Lacy-Hulbert A, Metcalfe JC, Hesketh R (1998)
Biological responses to electromagnetic
fields. FASEB J 12:395–420
Laval L, Leveˆque P (2000) A new in vitro exposure
device for the mobile frequency of 900MHz.
Bioelectromagnetics 21:255–63
Leszczynski D, Joenvaara S, Reivinen J, Kuokka R
(2002) Non-thermal activation of the hsp27/
p38MAPK stress pathway by mobile phone
radiation in human endothelial cells: mole-
cular mechanism for cancer- and blood-brain
barrier-related effects. Differentiation 70:
120–9
Ohki-Hamazaki H (2000) Neuromedin B. Prog
Neurobiol 62:297–312
Pacini S, Ruggiero M, Sardi I, Aterini S, Gulisano
F, Gulisano M (2002) Exposure to global
system for mobile communication (GSM)
cellular phone radiofrequency alters gene
expression, proliferation, and morphology
of human skin fibroblasts. Oncol Res 13:
19–24
Rosdy M, Clauss LC (1990) Terminal epidermal
differentiation of human keratinocytes grown
in chemically defined medium on inert filter
substrates at the air-liquid interface. J Invest
Dermatol 95:409–14
Shi B, Farboud B, Nuccitelli R, Isseroff RR (2003)
Power-line frequency electromagnetic fields
do not induce changes in phosphory-
lation, localization, or expression of the
27-kilodalton heat shock protein in human
keratinocytes. Environ Health Perspect 111:
281–8
Tanabe KK, Curley SA, Dodd GD, Siperstein AE,
Goldberg SN (2004) Radiofrequency abla-
tion: the experts weigh in. Cancer 100:
641–50
Whitehead TD, Moros EG, Brownstein BH, Roti
Roti JL (2006) Gene expression does not
change significantly in C3H 10T(1/2) cells
after exposure to 847.74 CDMA or 835.62
FDMA radiofrequency radiation. Radiat Res
165:626–35
Nonmonoclonal PTCH Gene Mutations in Psoralen Plus
UVA-Associated Basal Cell Carcinomas
Journal of Investigative Dermatology (2008) 128, 746–749; doi:10.1038/sj.jid.5701128; published online 6 December 2007
TO THE EDITOR
Cumulative high-dose psoralen plus UVA
(PUVA) exposure variantly increases the
risk of skin cancer (especially nonmelano-
ma types). For example, its influence on
squamous cell carcinoma risk is enormous
(up to 250-fold) (Nijsten and Stern, 2003)
but remarkably weaker on basal cell
carcinoma (BCC) risk, particularly after
adjustment for other risk factors and sun
exposure (Stern et al., 1998; Nijsten and
Stern, 2003). Despite the clear link
between PUVA and skin cancer and a
roster of suspected pathogenic mecha-
nisms (for example, tumor initiation,
tumor promotion, local and systemic
immunosuppression, and direct stimula-
tion by oncogenic human papillomavirus)
(Wolf et al., 2004a), the exact mechanisms
of human PUVA-associated skin cancer
remain unknown.
Previously, we reported that the p53
mutations in a sample of 13 PUVA-
associated BCCs were most commonly
UV fingerprints (that is, C-T or CC-TT
transitions at dipyrimidine sites) and
less frequently potential PUVA finger-
prints at psoralen crosslinking sites (that
is, 50TpA or 50TpG sequences) (Seidl
et al., 2001). Half of those tumors,
however, contained no p53 mutations
at all, suggesting that other genes (for
example, the patched (PTCH) gene)
may have suffered PUVA damage.
Originally identified as the cause of
Gorlin’s syndrome (Hahn et al., 1996a;
Johnson et al., 1996), the PTCH gene
has since been found to be lost or
mutated in more than the half of
sporadic BCCs (Hahn et al., 1996b;
Unden et al., 1996; Xie et al., 1997;
Aszterbaum et al., 1998). More re-
cently, we detected PTCH gene muta-
tions in almost half (48% (29/60)) of a
sampling of BCCs obtained from the
general population (Heitzer et al.,
2007). This led us to examine the
potential role of PTCH gene mutation
in the molecular carcinogenesis of
PUVA-associated BCCs.
In brief, we analyzed the PTCH gene
in paraffin-embedded tumor specimens
from 8 of the 13 previously analyzed
PUVA-associated BCCs mentioned
above (Seidl et al., 2001).
Tissue sections were manually macro-
dissected (i) to eliminate nontumor cells
in tumor samples and (ii) to obtain
tumor-adjacent normal tissue from each
sample for control purposes. DNA from
PTCH gene exons 2–23 and adjacent
introns was amplified by PCR and
sequenced as previously described
(Heitzer et al., 2007). The study was
conducted according to the Declaration
of Helsinki Principles. At the time when
the study was performed, institutional
approval was not necessary for it,
according to Austrian laws and regula-
tions. Those patients who were still
alive gave their informed consent to
DNA analysis of the tumor samples.
Of the 8 BCCs analyzed, 5 (63%)
contained a total of 19 mutations (that
is, 9 missense, 1 nonsense, 7 silent
exonic, and 2 intronic mutations)
(Table 1). Four of those 5 BCCs had
multiple mutations. Of the 19 mutations,Abbreviations: BCC, basal cell carcinoma; PTCH, patched; PUVA, psoralen plus UVA
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